He, Ne and Ar isotopic ratios and concentrations of noble gases in different depths of Lakes Nyos and Monoun in Cameroon, West Africa, were investigated. Samples were collected in November 1999, January 2001 and December 2001. Improved sampling method applied in 2001 enabled us to detect detailed isotopic distribution in the lakes. Concentrations of Ne and Xe in the lake waters were low by factors of ~10 and ~3, respectively, compared with those of air saturated water (ASW), whereas in CO 2 gas they were depleted by 2 orders of magnitude compared with those in air. In contrast, He was strongly enriched in lake water by more than three orders of magnitude compared to ASW.
INTRODUCTION
Lakes Nyos and Monoun in Cameroon, West Africa, are volcanic crater lakes situated along the 1600 km long Cameroon Volcanic Line (CVL) which trends from the Atlantic Ocean into mainland Africa. The CVL consists of three section: oceanic, continental, and their boundary in the middle (e.g., Halliday et al., 1990; Barfod et al., 1999; Aka et al., 2001 Aka et al., , 2004a Aka et al., , 2004b . Lake Nyos is a maar, which has surface area of 1.58 km 2 and a maximum water depth of about 210 m with a flat bottom. The lake's geological and petrological background can be found in, e.g., Fitton and Dunlop (1985) , Kling et al. (1987) , Kusakabe et al. (1989) . The last eruption age has been suggested as about 400 years by radiocarbon method (Lockwood and Rubin, 1989) , while much older K-Ar ages (>100,000 yrs) have been reported (Freeth and Lockwood, 1988) . Recently an eruption age of ~4000 yrs has been proposed using the U-Th-Ra disequilibria by Aka et al. (2008) . 520 K. Nagao et al. Kusakabe et al., 2008) . b) Depth profiles of 4 He, 20 Ne, 36 Ar, 40 Ar, 84 Kr and 132 Xe concentrations in water (10 -6 Kipfer et al., 2002) are also shown by arrows for comparison.
Fig. 1. a) Chemical structure of Lake Nyos as expressed by electric conductivity of water at 25°C. Two chemoclines and four stratified layers are defined (see

ccSTP/g-water) measured at Lake Nyos in January 2001 and December 2001. Noble gas concentrations in air saturated water (ASW) at 30°C (
-7‰ and 3 He/ 4 He ≈ (7.7-8.0) × 10 -6 and 5.0 × 10 -6 for Lakes Nyos and Monoun, respectively (Kling et al., 1987; Kusakabe et al., 1989; Sano et al., 1987) . Sano et al. (1990) reported precise depth profiles of 3 He/ 4 He and 4 He/ 20 Ne and He concentrations for Lake Nyos for the first time. Based on the He data, they estimated He and C fluxes of (2.4 ± 0.4) × 10 5 and (7.2 ± 3.8) × 10 15 atoms/cm 2 sec, respectively, and C/ 3 He ratio of (3.0 ± 1.5) × 10 10 for Lake Nyos. Although the area is volcanically quiescent, magmatic volatiles are continuously released as exemplified by many soda springs in the nearby areas (e.g., Kusakabe and Sano, 1992) . The magmatic CO 2 gas is continuously recharged at a rate of ~120 mega-mole/yr and ~8 megamole/yr into bottom waters of Lakes Nyos and Monoun, respectively, (Kling et al., 2005; Kusakabe et al., 2008) . The lakes show characteristic stratified structures separated by clear chemoclines. Based on the electric conductivity profiles, stratified waters at Lakes Nyos and Monoun were grouped as layers I, II and III, separated by upper and lower chemoclines . Layer IV was also defined as a layer characterized by a sharp increase in electric conductivity near the bottom (see Fig. 1a) .
A HIMU-like Pb isotopic signature with enrichment in radiogenic 206 Pb characterizes upper mantle beneath the CVL at the continent-ocean boundary, while it becomes less radiogenic toward both ends of the line. On the contrary, Nd isotopes show an opposite regional change (e.g., Halliday et al., 1988 Halliday et al., , 1990 Barfod et al., 1999) . Barfod et al. (1999) studied He, Ne and Ar in ultramafic xenoliths, basaltic lavas and CO 2 -rich gases from the CVL, and reported that He was slightly more enriched in radiogenic 4 He ( 3 He/ 4 He = (7-9.4) × 10 -6 ) than MORB-type He ( 3 He/ 4 He = (11-12) × 10 -6 ), while Ne isotopic composition was MORB-like with maximum values of 20 Ne/ 22 Ne = 11.87 and 21 Ne/ 22 Ne = 0.0508. The accompanied Ar had 40 Ar/ 36 Ar ratios of >1650. They concluded that mantle beneath the CVL is indistinguishable from HIMU mantle with respect to 3 He/ 4 He ratios, but MORB-like Ne is still preserved. Based on the analysis of 3 He/ 4 He ratios in mafic phases in basalts and ultramafic xenoliths from 10 volcanic centers on the CVL, Aka et al. (2004b) reported symmetrical distribution of the 3 He/ 4 He ratios along CVL. MORB-like 3 He/ 4 He ratios were observed at both ends of CVL, i.e., 11.6 × 10 -6 for Annobon Island in the Atlantic Ocean (oceanic sector) and 11.0 × 10 -6 for Ngaoundere in the northeastern part of CVL (continental sector). Interestingly, the lowest 3 He/ 4 He ratios of 4.3 × 10 -6 which indicated an enhanced radiogenic signature were observed for the samples from Bioko, Etinde and Mount Cameroon situated at the continent-ocean boundary of CVL. This is consistent with the geographical distribution of 206, 208 Pb/ 204 Pb reported for CVL by Halliday et al. (1988 Halliday et al. ( , 1990 .
We collected gas and water samples from various depths in Lakes Nyos and Monoun in November 1999 , January 2001 and December 2001 . Isotopic compositions of He, Ne and Ar as well as concentrations of all noble gases were measured to evaluate the magmatic source beneath the lakes. We found that the concentrations of Ne, Ar, Kr and Xe (except He) in CO 2 gas exsolved from the lake water are more than 2 orders of magnitude lower than those in atmosphere. Accordingly, minimization of atmospheric contamination during sampling was essential to obtain representative noble gas compositions in the lake water. We present here detailed noble gas isotopic compositions of the lakes for the first time because no noble gas data except He have been reported yet for the lakes.
EXPERIMENTAL METHODS
Sampling methods
We employed four different sampling methods to collect gases dissolved in lake water during the fieldwork at Lakes Nyos and Monoun from 1999 to 2001. Because of very low concentrations of noble gases in CO 2 gas exsolved from lake waters, it was essential to avoid atmospheric contamination during sampling. Atmospheric contamination of noble gases for the different methods will be evaluated later.
(1) "Al-bag method": In 1999 a laminated aluminumplastic bag with a capacity of 10 L (hereafter called as Al-bag) was connected to a Niskin water sampler. Air inside the bag was pumped out using a syringe before connecting it to the Niskin sampler. Exsolved CO 2 -rich gases from the water inside the Niskin sampler were transferred to the Al-bag through a hole of the sampler after retrieval. The gas inside the Al-bag was then transferred to a sampling gas bottle (50-100 cc) attached with vacuum-tight stopcocks at both ends. Samples were collected from 9 and 7 different depths at Lake Nyos (0-200 m in depth) and Lake Monoun (25-95 m in depth), respectively (Appendix 1).
(2) "Stainless steel cylinder": In 1999 the US team used an evacuated stainless steel bottle attached with metal valves which were operated from the surface of the lake by sending a sliding messenger (Evans et al., 1993) . The bottle was sent to a desired depth and filled with CO 2 -rich lake water. In the laboratory gas dissolved in the water was separated using a vacuum line for analysis. Part of the gas from each bottle was sealed in a He-impermeable borosilicate glass ampoule with breakable seal, and supplied to us for noble gas analysis.
(3) "Flute de Pan": As will be described later, gases collected by the Al-bag method were found heavily contaminated by atmospheric noble gas. So we collected samples from Lake Nyos in January 2001 using the "Flute de Pan" which had been deployed by the French scientific team. The Flute de Pan consisted of 11 plastic hoses, each having a different intake depth (83-210 m). Bubbling CO 2 -rich gas spouting out of the hose were introduced in a basin filled with surface water of the lake, and then the bubbles were collected in a sampling glass bottle using a funnel. Although contamination of air dissolved in the water was still suspected to some extent especially for heavy noble gases, this sampling method was found promising since we could greatly reduce air contamination compared with the Al-bag method.
(4) "Plastic hose method": This is essentially the same as the Flute de Pan method. In December 2001, we deployed a single plastic hose (12 mm I.D.) to a desired depth of the lake. The sampling depth was measured with a calibrated wire that was attached to the hose. After water inside the hose was pumped up, exsolved CO 2 gas was allowed to pass through a sampling glass bottle, which was directly connected to the plastic hose to avoid air contamination. We waited for long enough to ensure that the water and gas coming out of the hose represented water from a target depth. With this method we were able to avoid air contamination almost completely judging from 40 Ar/ 36 Ar ratios of the samples as discussed later. The sampling in January 2001 by the "Flute de Pan" was performed just before the initiation of the Nyos and Monoun Degassing Project (NMDP) at Lake Nyos. In December 2001, about 10 months after degassing started, we measured the depth profiles of noble gases as precisely as possible around the lower chemocline at ~180 m deep. We collected 17 samples from 13 different depths from close to bottom (208 m) to 165 m.
Analytical methods
An aliquot of each gas sample in glass bottle was sealed in a glass ampoule (~5 cc) with breakable seal. Absolute amount of CO 2 gas (ccSTP) inside the ampoule was calculated based on its volume, pressure and temperature of the gas. The pressure and the temperature were measured at the time of sealing; the gas pressure was measured by a Hg-manometer. The volume was obtained by measuring weight of water filled in the empty ampoule after noble gas measurement.
For noble gas analysis, several ampoules were attached to a noble gas purification line connected on-line to a modified-VG5400 (MS-III) noble gas mass spectrometer at the Geochemical Research Center, University of Tokyo. Noble gases introduced into the purification line were purified by two Ti-Zr getters heated to about 800°C and separated into three fractions, i.e., He, Ne and Ar-KrXe. The Ar-Kr-Xe mixture was separated from He and Ne by adsorbing them on a charcoal trap cooled at liquid 522 K. Nagao et al. The D/H analysis of water samples was carried out using hydrogen prepared from water by the use of a classic uranium reduction method, with a stable isotope ratio mass spectrometer (Micromass SIRA-10). The 18 O/ 16 O analysis was carried out using an automated CO 2 -H 2 O equilibration technique, with a stable isotope ratio mass spectrometer (Micromass PRISM). The isotopic ratios were expressed in the conventional δ-notation with the VSMOW as the standard. The 13 C/ 12 C analysis of CO 2 gas was made for an aliquot after the noble gas analysis had been done, using a stable isotope ratio mass spectrometer (Micromass PRISM). δ 13 C values were expressed relative to the VPDB standard. rors for the isotopic ratios are in one standard deviation including uncertainties for mass discrimination correction. Concentrations of noble gases in CO 2 gas exsolved from water are summarized in Table 2 and Appendix 2, together with the CO 2 concentrations in lake waters . Carbon isotopic ratios of CO 2 are also included in the tables.
RESULTS
Isotopic ratios of
The noble gas concentrations in CO 2 gas were calculated for each ampoule by dividing the measured absolute noble gas abundances (ccSTP) by the amount of CO 2 gas in the ampoule (ccSTP). The noble gas concentrations in CO 2 gas were converted to those in water in the unit of ccSTP/g-water using the CO 2 concentrations in water (Kusakabe et al., 2000 . For two water samples NY99-35 and NY99-0, only isotopic ratios were shown in Appendix 1. Experimental uncertainties for the noble gas concentrations were estimated to be about 5-15% based on the fluctuation in sensitivity of the mass spectrometer observed by replicate measurements of standard gas.
Isotopic ratios of hydrogen and oxygen of waters from Lakes Nyos and Monoun are summarized in Table 5 . 4 pheric contamination, because the ratio is generally much higher (>1000) than the atmospheric value of 0.32 in samples derived from deep interior of the earth such as volcanic gases (e.g., Kusakabe et al., 2009) , natural gases in old continents (e.g., Ballentine and Sherwood Lollar, 2002; Cornides et al., 1986; Ballentine et al., 1991; Kotarba and Nagao, 2008 , and see references therein), glassy basalts from mid oceanic ridges (e.g., Staudacher et al., 1989) , and mantle xenoliths (e.g., Nagao and Takahashi, 1993) . 40 Ar/ 36 Ar ratio is also seriously affected by addition of atmospheric Ar with 40 Ar/ 36 Ar = 296 because air contains high concentration of Ar (~1%). 4 He/ 20 Ne and 40 Ar/ 36 Ar ratios in deep water (>175 m) from Lake Nyos by different sampling methods are compared in Table 3 . The 4 He/ 20 Ne ratios by the "Al-bag method" and the "stainless steel cylinder (SS-cylinder) method" were 132-318 and 419-757, respectively, which were much lower than those for the samples obtained using the "Flute de Pan" and the "Plastic hose" methods. 40 Ar/ 36 Ar ratios by the Al-bag and SS-cylinder methods were also lower than those obtained by the Flute de pan and plastic hose methods. The atmospheric contamination of the Al-bag samples can be attributed to a small amount of air which remained unremoved in the Al-bag when attached to the Niskin sampler, because the concentrations of noble gases in CO 2 gas in the lake are 2 orders of magnitude lower than those in atmosphere (Appendix 2). Only He was not seriously affected by such air contamination because of its high concentration in CO 2 gas.
Evaluation of the sampling methods based on
With the "Flute de Pan" method, the highest 40 Ar/ 36 Ar ratio of 604 and a high 4 He/ 20 Ne ratio of 994 were obtained for the sample from the bottom layer of Lake Nyos. However, since the gases from the Flute de Pan were collected by displacement in a glass bottle filled with surface water, contamination from atmosphere dissolved in the surface water was still suspected in this method. With the plastic hose method, bubbling gas was directly introduced into a sampling bottle. After thorough flushing of the bottle with the bubbling gas, stopcocks on both ends were closed. Advantage of this sampling method is demonstrated by high 4 He/ 20 Ne (>1000) and 40 Ar/ 36 Ar (>400) ratios as shown in Table 3 . Thus, this method was found most suitable for collection of contamination-free gas and water samples. In the following discussion we will use the data from samples collected in January 2001 and December 2001 only, for they are almost contamination-free (Tables 1, 2 were shown by arrows for comparison (also see Table 2 ). Chemical structures of both lakes in 2001 were also presented in the figures as exemplified by the measured electric conductivity profiles .
In Lake Nyos, the concentrations of Ne, Ar, Kr and Xe in water were roughly constant with respect to depths between 100 m and bottom (Fig. 1b) though they are up to several times lower than those of air saturated water. They increased by 3-5 times higher at 70 m, just below the upper chemocline at 50 m. Only He is enriched in water by 3 orders of magnitude compared to that in air saturated water, implying its different origin.
The concentrations of Ne, Ar, Kr and Xe in Lake Monoun are almost constant below the depth of about 50 m (Fig. 2b) . Their concentrations are similar to those in Lake Nyos, suggesting a similar origin for Ne, Ar, Kr and Xe. The maximum concentrations were observed at the depth of 45 m, just above the lower chemocline at 50 m. Then the concentrations appeared to decrease upward, although we do not have data for water shallower than 20 m.
Relative elemental abundances of noble gases, normalized to air composition, are presented in Fig. 3 (Ozima and Alexander, 1976) . The F( m X) values for air saturated water (ASW) at 30°C are shown for comparison. Ne is depleted, while Kr and Xe are enriched compared with air composition at both lakes. In deep waters the relative abundances are similar to those of air-saturated water, suggesting that the noble gases except He are mainly supplied from groundwater.
3 He/ 4 He ratios Depth profiles of 3 He/ 4 He ratio for Lakes Nyos and Monoun are presented in Fig. 4a . Those in deep waters of Lake Nyos (140-210 m in depth) are enlarged in Fig. 4b . The 3 He/ 4 He ratios are much higher than the atmospheric value of 1.4 × 10 -6 , confirming magmatic gas input to the lake water as already reported by Sano et al. (1987 Sano et al. ( , 1990 Nyos and Monoun, respectively. These depths are slightly deeper than the upper chemoclines (~50 m at Lake Nyos and ~25 m at Lake Monoun). No systematic differences were observed between the profiles at different times, i.e., November 1999, January 2001 and December 2001. This suggests that there was no temporal variation in 3 He/ 4 He ratios of magmatic He being supplied to both lakes. The 3 He/ 4 He ratios observed at these lakes clearly indicate a contribution of mantle-derived He. However, the ratios are distinctly lower than the values for MORB-like He of 12 × 10 -6 as observed at the oceanic and continental sectors of CVL (Aka et al., 2004b) . Figure 4b shows that the 3 He/ 4 He ratios increase from (7.8-7.9) × 10 -6 in the bottom water to (8.0-8.2) × 10 -6 above the lower chemocline that lies at ~180 m depth at Lake Nyos. 4 He/ 20 Ne ratios for these samples are close to 1000. Such high 4 He/ 20 Ne values indicate that we can ignore air contamination to the measured 3 He/ 4 He ratios. The observation that 3 He/ 4 He ratios of (8.0-8.2 × 10 -6 ) at ~180 m are slightly higher than those of bottom water (7.8-7.9 × 10 -6 ) may be explained by an idea that the recharge water is supplied to the lake at ~180 m depth. This possibility will be discussed later in more detail.
MORB-like Ne isotopic ratios
Ne isotopic ratios are presented in Fig. 5 . Small excess in both 20 Ne/ 22 Ne and 21 Ne/ 22 Ne ratios was observed compared with the values for atmospheric Ne. Most data points of both lakes lie on the MORB line that connects the atmospheric Ne and mantle Ne reported by Ballentine et al. (2005) . The data clearly indicate the presence of mantle Ne in addition to the mantle-derived He in the lakes. The Nyos data points in January 2001 are plotted close to atmospheric Ne compared with other samples. This indicates that atmospheric contamination of the samples obtained by the "Flute de Pan" method is greater than those by the plastic hose method. Our Ne data are consistent with the conclusion by Barfod et al. (1999) (Barfod et al., 1999) . This indicates that atmospheric Ne from groundwater has diluted the MORB-like Ne in magmatic fluid beneath the lakes.
In contrast to the samples lying on the MORB-line (Fig. 5) , two samples collected at the bottom of Lake Nyos Kusakabe et al., 2008) . b) Depth profiles of noble gas concentrations in water (10 -6 ccSTP/gwater) for Lake Monoun. Noble gas concentrations in air saturated water (ASW) at 30°C ( (210 m in depth) in January 2001 plot above the MORBline. They plot close to a line for hot-spot Ne such as Loihi-type Ne (Graham, 2002) . The 3 He/ 4 He ratios of these samples (Fig. 4b) suggest an input of small amount of radiogenic crustal 4 He as noted previously. The highest 40 Ar/ 36 Ar ratios of 604 and 599 (Fig. 6) were observed for these samples, which suggest contribution of radiogenic 40 Ar to the bottom water along with crustal 4 He. If nucleogenic 21 Ne in crust also contributes to the observed MORB-like Ne, however, data point would have shifted to the right of the MORB-Ne line.
Though the Ne data points could be qualitatively explained by addition of nucleogenic 21 Ne in the crust to mass fractionated atmospheric Ne, the nucleogenic 21 Ne may not be sufficient to explain the observed concentration of excess 21 Ne of (6 ± 2) × 10 -12 ccSTP/g-water (Table 4). Based on production rate ratio of 4 He/ 21 Ne of 2 × 10 7 in crust (Ballentine and Burnard, 2002) and the addition of crustal 4 He of <5 × 10 -6 ccSTP/g-water to the bottom water, concentration of nucleogenic 21 Ne is estimated to be <3 × 10 -13 ccSTP/g-water, much smaller than the observed excess 21 Ne. Moreover, it is difficult to imagine that two different types of magma sources such as hot-spot type and MORB-type exist in this small region of CVL. Thus, we believe that contribution of nucleogenic 21 Ne to the observed MORB-like Ne is denied. Hence, most plausible explanation for the Ne isotopic ratios in the bottom-most water is mass fractionation of Ne from a common reservoir for other samples. A pass of fluid containing noble gases observed in the bottom samples NY01Jan-210 will be discussed later in a recharge model for Lake Nyos.
Ar isotopic ratios and concentrations
38 Ar/ 36 Ar ratios for all samples agree with atmospheric value of 0.1880 within 2σ error limits ( Ar ratios for all samples are higher than the atmospheric value of 296 as shown in Fig. 6 , but much lower than the estimated value of >1650 for upper mantle beneath the CVL (Barfod et al., 1999) . This means atmospheric Ar was mixed with the mantle Ar in a sub-lacustrine fluid reservoir. This is consistent with the dilution of mantle-derived Ne by atmospheric Ne as shown in Fig. 5 .
Of the samples collected in January 2001, just prior to the initiation of degassing operation at Lake Nyos, the highest 40 Ar/ 36 Ar ratio was about 600 at the bottom (210 m) of the lake. The ratio decreased to 433-455 between depths 202-195 m, increased again to 479 at 190 m, sharply decreased to 310 at 83 m, and then approached the atmospheric value of 296. At 190 m where 40 Ar/ 36 Ar ratio showed a maximum (Fig. 6) , CO 2 concentration in water stayed constant at ~7.8 ccSTP/g-water and 3 He concentration increased significantly as will be discussed later. Figure 6 shows (Ozima and Alexander, 1976) . The F( m X) values for air and air saturated water (ASW) at 30°C are shown for comparison.
Noble gases in Lakes Nyos and Monoun, Cameroon 531 tion observed in the 4 He/ 20 Ne and Ar isotopic ratios, however, was also observed in the water temperature and electric conductivity profiles at the corresponding depths, although they were less clear than the noble gas profiles .
At Lake Monoun, the 40 Ar/ 36 Ar ratios were in a narrow range at about 470 between 60 m and 100 m (bottom) (Fig. 6) . The ratios are lower than those in deep waters of Lake Nyos. This indicates that contribution of atmospheric Ar to the magma-derived gases at Lake Monoun is greater than that at Lake Nyos. The ratio decreases sharply at depths shallower than 55 m, which corresponds to the depth of lower chemocline in 2001 (Fig.  6) .
Plots of (Ballentine et al., 2005) 
. A dashed line heading to Loihi represents a mixing line between atmospheric Ne and hot-spot type Ne such as
Loihi (Graham, 2002) . Kusakabe et al. (2008) .
K. Nagao et al.
where the 36 Ar concentrations in water (Fig. 7a ) and in CO 2 gas (Fig. 7b) are shown. If Ar in the lake is a simple mixture between atmospheric Ar and Ar from a magmatic source, the data points should plot on a straight line passing through the atmospheric 40 Ar/ 36 Ar ratio of 296 at 1/ 36 Ar = 0. In both plots, the Ar data for January 2001 plot roughly on a single line, suggesting simple mixing between atmospheric Ar and magmatic Ar. On the contrary, the December 2001 data do not show linear correlation in Fig. 7a (Fig. 7b) .
Carbon, hydrogen and oxygen isotopic compositions of lake water δ 13 C values for Lake Nyos of ≈ -3.4‰ (Table 2 and Appendix 2) are consistent with previously reported values (Kling et al., 1987; Kusakabe et al., 1989) . The values are slightly higher than those for the nominal mantle values of -5~-7‰. They are close to those reported for soda springs from islands along the CVL (Kusakabe and Sano, 1992) , and may represent carbon from the CVLmantle, where carbon from marine carbonate might have contributed. On the other hand the δ 13 C values of ≈ -6.8‰ for Lake Monoun are slightly lower than that for mantle. Contribution of organic carbon to the CVL-mantle carbon is conceivable. The δ-values of D/H and 18 O/ 16 O ratios of waters collected in 1998-2001 from Lakes Nyos and Monoun (Table 5) were almost the same as those for waters collected in 1986 reported in Kusakabe et al. (1989) . No magmatic isotope signature was detected. All data points lie close to the typical meteoric water line with Lake Nyos waters being isotopically heavier than Lake Monoun waters. The results indicate that the lake waters were originated from surface meteoric water, though the water was subjected to evaporation with respect to the surface waters. The CO 2 and 3 He concentrations and C/ 3 He ratios in water were compared for the bottom layer (160-210 m) of Lake Nyos in Fig. 8 . The CO 2 and 3 He concentrations were in the ranges of (3.3-7.8) ccSTP/g-water and (3.9-9.7) × 10 -10 ccSTP/g-water, respectively. The 3 He concentrations are nearly constant at 5 × 10 -10 ccSTP/gwater below the lower chemocline at around 187 m. However, the 3 He concentration increases sharply toward the Kusakabe et al. (2008) for Layers II, III and IV and lower chemocline. lower chemocline, followed by gradual decrease toward shallower water (layer II) (Fig. 8b) . The change in C/ 3 He ratios from (1.5 ± 0.2) × 10 10 in layers III and IV to (0.6 ± 0.1) × 10 10 above the lower chemocline reflects the different profiles of CO 2 and 3 He concentrations. The low 3 He concentrations in the bottom layer (190-210 m) may be difficult to attribute to a selective removal of He from this layer by the degassing operation, because the concentrations are almost the same for the samples before and after the initiation of degassing operation. There may be a mechanism to accumulate He below the lower chemocline due to lowered diffusivity of gases across the density-stratified chemocline (Tietze, 1987) that will lead to accumulation of gases below the chemocline. The observation that 3 He (and 4 He as well) has a maximum concentration at 190 m whereas CO 2 does not may reflect higher diffusivity of He (6.28 × 10 -5 cm 2 sec -1 at 25°C) than CO 2 (1.92 × 10 -5 cm 2 sec -1 at 25°C) in water (Ferrell and Himmelblau, 1967) . Another possible mechanism, which will be discussed later, is that gases with different C/ 3 He ratios (e.g., ~1.7 × 10 10 ) are added to the bottom layer. In this model, gases in shallower layer (above 190 m) are interpreted to represent a main magmatic fluid with C/ 3 He of ~0.6 × 10 10 . These ratios are about 1/5 to 1/2 of the estimation of (3.0 ± 1.5) × 10 10 by Sano et al. (1990) for the samples collected in 1986 and 1988. The C/ 3 He ratio might have decreased with time.
DISCUSSION
The C/ 3 He ratios at Lake Monoun were (1.7 ± 0.3) × 10 10 , similar to the value in the Lake Nyos bottom water (Table 4 ). These ratios, however, are several times higher than the value of ~2 × 10 9 reported for mantle gases (Marty and Jambon, 1987) as pointed out by Sano et al. (1990) . Relatively high C/ 3 He ratios have been observed for gas samples from islands of São Tomé and Bioko, and mainland Cameroon along the CVL (e.g., Tanyileke et al., 1996; Barfod et al., 1999; Aka et al., 2001) . They were attributed to addition of CO 2 derived from marine limestone and sedimentary rock (Aka et al., 2001) .
Based on the observed C/ 3 He ratios, a flux of mantlederived 3 He can be calculated. Kusakabe et al. (2008) estimated a mean accumulation rate of CO 2 in Lake Nyos as 0.12 ± 0.04 G mole/yr, i.e., (2.3 ± 0.8) × 10 24 atom C/ sec, as an average over the period from November 1986 to January 2001 below the upper chemocline. Based on the C/ 3 He ratios of 1.5 × 10 10 at the bottom layer and 0.6 × 10 10 at the 190 m layer (Fig. 8c) , recharge rates of 3 He to the lake waters were calculated as 1.5 × 10 14 and 3.8 × 10 14 atoms/yr at the respective layers. The values correspond to average 3 He-flux of 2.9 × 10 4 and 7.4 × 10 4 atoms/cm 2 sec, if we adopt the bottom area below 183 m depth of 5.16 × 10 9 cm 2 (Kling et al., 2005) . The fluxes are 10-30% of the estimation of (2.4 ± 0.4) × 10 5 atoms/ cm 2 sec based on data in 1988 by Sano et al. (1990) . He flux from the magmatic gas reservoir beneath the lake might have decreased during the last 12 years.
Noble gas signatures in sub-lacustrine reservoirs of Lakes Nyos and Monoun
In contrast to 3 He, part of 4 He is radiogenic, though its source is difficult to indentify. Excess 21 Ne (Fig. 5 ) and excess 40 Ar (Fig. 6) Ne ratios that pass through the atmospheric ratios (Fig. 9) . There is no systematic difference between the two lakes as well as the different sampling dates. This implies a common source for these gases. (Fig. 11a′ and Table 4 ). The low value corresponds to the low concentration of 3 He in the bottom layer as indicated in Fig. 8 He concentration increased to ~10 × 10 -10 ccSTP/g-water (also shown in Fig. 8b) , and decreased in shallower depth keeping roughly a constant 3 He/ 40 Ar excess ratio of ~17 × 10 -6 (Fig. 11b′) 40 Ar excess supply from the sub-lacustrine reservoir to deep water decreased during the 10 months.
3 He/ 40 Ar excess for Lake Monoun is ~8 × 10 -6 , slightly lower than that in the Nyos water, though it is still higher than that for bottom water of Lake Nyos in January 2001. This is consistent with relatively low 3 He/ 4 He of 5 × 10 -6 of deep water at Monoun, suggesting greater contribution of radiogenic 4 He and 40 Ar in Lake Monoun than in Lake Nyos.
Recharge of gases from magmatic source to Lake Nyos
Characteristic features of noble gases observed at Lake Nyos are summarized as follows: 1) Helium with 3 He/ 4 He ratio of 8 × 10 -6 observed in the lake water is not supplied directly from mantle, because the 3 He/ 4 He ratios of upper mantle beneath the area have been found to be (9.3-9.8) × 10 -6 in clinopyroxene and amphibole separated from mantle xenoliths collected at Lake Nyos, and 10 × 10 -6 in olivine from basalt collected at Lake Monoun (Aka et al., 2004b) . Approximately 20% of radiogenic 4 He that accumulated in crustal rocks must have been admixed to the mantle-derived He, probably in sublacustrine region beneath the lake. 2) 40 Ar/ 36 Ar ratios are in the range of 450-550 (Figs. 6 and 7) , which cannot be produced by addition of radiogenic 40 Ar to the mantlederived Ar if 40 Ar/ 36 Ar in the mantle is as high as 1650 (Barfod et al., 1999 (Barfod et al., 1999) . 4) Non-uniform distribution of 3 He (Fig. 8b) (Fig. 11b) were observed in lake water, e.g., sharp increase in 3 He concentration at 185~190 m may reflect higher recharge rate of magmatic He than in deeper water.
Relationships between the observed He, Ne and Ar isotopic ratios at the lake waters can be best explained by mixing between two noble gas reservoirs, i.e., air dissolved ground water and the sub-lacustrine reservoir (Fig.  10) , where the mantle-derived gases meet radiogenic 4 He from crustal rocks and atmospheric gases in ground water. The admixed gases must be homogenized in the sublacustrine reservoir.
Apart from the general features noted above, samples collected at the bottom (210 m) of Lake Nyos in January 2001 showed exceptional isotopic ratios; highest 40 Ar/ 36 Ar ratio of 600 (Fig. 6 ) and anomalous Ne isotopic ratios (Fig. 5) . A contribution of Loihi-type Ne to the samples is unacceptable to explain the observed isotopic ratios, because coexistence of MORB-type and Loihi-type mantle in a small area like Nyos-Monoun beneath CVL is unlikely. Another significant feature is 3 He/ 4 He ratios in the deep layer. It is recalled that 3 He/ 4 He ratios show a maximum at ~180 m at Lake Nyos (Fig. 4) . These isotopic features observed in the bottom water can be explained by greater input of radiogenic 4 He and 40 Ar to the bottom water along with mass fractionated Ne.
The model illustrated in Fig. 12 may explain the above isotopic features in the Lake Nyos water. The volcanic vent immediately beneath the lake bottom, or diatreme, is filled by fractured rocks and covered by sediments. There may be a sub-lacustrine reservoir of fluid beneath the lake, to which noble gases and CO 2 of upper mantle origin are supplied from magma. Isotopic signatures of the CVL mantle characterize such gases. Mixing of noble gases enriched in 4 He and 40 Ar from surrounding crustal rocks reduces the 3 He/ 4 He ratios of mantle He from 10 × 10 -6 to 8 × 10 -6 at Lake Nyos. About 20% of total 4 He is estimated to be of crustal origin. Similarly, if crustal Ar, therefore, radiogenic Ar is mixed, the resulting 40 Ar/ 36 Ar ratio would have increased from the mantle value (>1650; Barfod et al., 1999) . However, the 40 Ar/ 36 Ar ratios observed in the deep water were ca. 500, much lower than the mantle value. Thus, atmospheric Ar dissolved in ground water is an only candidate to reduce the 40 Ar/ 36 Ar ratio without affecting the He isotopic ratio. This is due to a large difference between the concentrations of 4 He and 40 Ar in air saturated ground water ( 4 He/ 40 Ar = 1.7 × 10 -4 at 30°C in Table 2 ; Kipfer et al., 2002) He/ 20 Ne ratios and He concentration in deep water, which showed a maximum at around the lower chemocline (~190 m in depth), strongly suggest that fluids from the sublacustrine reservoir are supplied not from bottom but mainly from side wall of the lake at that depth. Figure 12 schematically illustrates the idea mentioned above. Since the sediments in the central part of the lake bottom would consist of finer particles and be thicker than the sediments in the periphery, it would be easier for the fluids to find their way to the lake through the periphery. The peripheral sediments would be coarser than those in the central part of the lake, thus allowing easier input of the fluids from the periphery.
It has been suggested that high temperature fluids enriched in CO 2 containing mantle-derived He ascend along the wall of diatreme of Nigorikawa caldera, southwest Hokkaido, Japan (Nagao et al., 1979; Yoshida, 1991) . It is noted that the geological structure of the Nigorikawa basin is very similar to that of Lake Nyos with respect to the volcanic vent in that it is filled with fractured basaltic and granitic rocks. The Nigorikawa caldera may be said to be a fossil of Lake Nyos.
Another possible pathway of the fluids from the reservoir may be through the lake bottom. During ascent of the fluid it may acquire radiogenic 4 He and 40 Ar from surrounding crustal rocks. Then, it is finally supplied to the bottom of the lake. The highest 40 Ar/ 36 Ar of 600 ( Fig.  6) can be attributed to the addition of radiogenic 40 Ar of crustal origin. Isotopic mass fractionation of Ne that favors enrichment of lighter isotopes may take place during the ascent, resulting in the enhanced Ne isotopic ratios as observed for samples NY01Jan-210 (Fig. 5 (Fig. 5 ).
Similar recharge model seems to be applicable to Lake Monoun. Distribution of noble gases as well as CO 2 in both lake waters is very similar, although some differences such as 3 He/ 4 He ratios and δ 13 C values are present (Tables 1 and 2) ( 3 He/ 4 He ratios are 8 × 10 -6 and 5 ×
